The nucleotide sequence of a 2.8-kilobase fragment of the Escherichia coli chromosome containing the umuDC genes has been determined. The DNA sequence specifies two open reading frames of 417 and 1266 nucleotides encoding proteins with calculated molecular weights of 15,063 and 47,677, respectively. From these and the previous results of genetic and biochemical studies on the cloned genes, we conclude that the former is the umuD and the latter is the umuC gene. In vitro transcription of the regulatory region of the umu operon revealed that (l) upstream of the coding region there is a promoter-operator complex having the consensus sequence, CTGTATATAAAAACAG, of an SOS box, (it) transcription of the umu operon begins at an adenine residue in the SOS box, and (iii) the LexA protein binds to the operator region, with an equilibrium dissociation constant (Kd) of 0.2, thereby repressing the transcription of the umuDC genes. These results indicate that the expression of the umu operon is under the coordinated control of the recA lexA gene products.
A major pathway of induced mutagenesis in Escherichia coli (SOS mutagenesis) is recA-and lexA-dependent (1, 2) . The products of the umuDC genes play an essential role in SOS mutagenesis (3) (4) (5) , although their functions are not yet understood. Mutants lacking UmuDC activity are moderately sensitive as well as nonmutable to UV light and may, therefore, be deficient in a process oferror-prone DNA repair (1, (6) (7) (8) (9) .
A variety of cellular responses including the umuDC-mediated process of mutagenesis are induced after exposure of E. coli to agents that damage DNA (1, 2, 5) . The expression of individual genes involved in these responses is regulated by the recA and lexA gene products and is often called the SOS regulatory system (10, 11) . A property these damage-inducible genes have in common is a unique operator sequence to which the LexA protein binds, thereby repressing expression of the gene. Coordinated derepression of these genes by the recA and lexA genes results when RecA is activated by DNA damage to promote cleavage of LexA (12, 13) . Additional activity of activated RecA other than cleavage of LexA repressor has been suggested to be involved in SOS mutagenesis (14, 15) . This activity might be required for the mutator function of the umuDC gene products (15) . To study the mechanism of the putative misrepair mutagenesis, the umuDC-containing region of the E. coli chromosome was cloned. The analysis of the cloned genes suggested that the umuDC genes constitute an operon whose expression is controlled by the recA and lexA genes (16, 17) .
In this report, we present the nucleotide sequence of the umu operon and discuss the regulatory mechanism of the operon as evidenced by in vitro transcription experiments. The results complement those of the sequence analysis of the umu and muc operons (18) .
MATERIALS AND METHODS
Bacterial Strains and Plasmids. The 2.8-kilobase (kb) Hpa I/Hpa I fragment of the plasmid pSK100, which contains the umu operon (16) , was subcloned into the Pst I site of pBR322 by poly(dG)-poly(dC) homopolymeric tailing. A recA derivative of E. coli K-12 HB101 was used as the host strain for the subcloned plasmid pTA100.
Enzymes and Biochemicals. Enzymes and chemicals used in recombinant DNA experiments were, unless otherwise specified, purchased from Takara Shuzo (Kyoto, Japan). DNA Sequencing. The nucleotide sequences of DNA fragments were determined by the method of Maxam and Gilbert (19) or by the dideoxy-chain termination method by using M13 phages (20, 21) .
In Vitro Transcription, 5' End-Labeling, and RNA Sequencing. In vitro transcription was performed essentially as described by Horii et al. (22) . RNAs for sequencing were labeled at the 5' end by in vitro transcription. The resultant end-labeled transcripts were separated by electrophoresis on 8% polyacrylamide/8.3 M urea gel. After autoradiography, each portion of the gel containing RNA was excised separately. RNAs were eluted out of the gel and were used for sequencing as described (22, 23) .
DNase I Protection and Binding Affinity of LexA. Analysis of binding of the LexA protein to the umu operator, the 159-base-pair (bp) Hinfl/Fnu4HI and 167-bp Fok I/Xho II restriction fragments, which were labeled with 32P at the 5' end, was performed as described by Ebina et al. (24) . RESULTS DNA Sequencing of the umu Operon. The nucleotide sequence of the 2.8-kb Pst I fragment of the plasmid pTA100, which has been shown to contain the wild-type umuDC gene (16) , is presented in Fig. 1B fragments containing promoter-like sequences predicted from the DNA sequence were used as templates in in vitro transcription. When the Fok I/Hap II fragment (231 bp) and Fnu4HI/Fnu4HI fragment (181 bp) were used, two major bands, probably end-to-end and promoter-dependent transcripts, were seen. However, the reaction with the Hinfl/Hinfl fragment (190 bp) as template resulted in the synthesis of mostly nonspecific transcripts (end-to-end transcripts; Figs. 1B and 2). These results indicate that the region between the 5' Fnu4HI and Hap II site is sufficient to give site-specific initiation. This region, therefore, must contain the umu promoter, which fits well the finding of two sequences characteristic of E. coli promoters (26) .
The transcript synthesized from the 181-bp Fnu4HI fragment was then determined. In the reaction mixture containing NTPs at a restricted concentration (10 AuM), only a small amount of RNA (species R2) was synthesized (Fig. 3A, lane 5 ). An increase in the GTP, CTP, or UTP concentration to 200 AM slightly stimulated the synthesis of this RNA (Fig. 3A, lanes  1, 2, and 4) , whereas an increase in ATP concentration (200 AtM) stimulated the synthesis of a slightly longer RNA (species R1) as well as R2 (Fig. 3A, lane 3) . The nucleotide (12, 13) and that the umu operon is one of these genes (5) . As expected, in vitro transcription from the presumptive umu promoter was drastically repressed by adding increasing concentrations of LexA protein, while transcription from the P-lactamase promoter pBR322 was not affected at all (Fig. 5 ). This indicates that there is at least one LexA protein binding site in the promoter region of the umu operon.
Upstream of the umuD gene (Fig. 1B) 
DISCUSSION
The nucleotide sequence of the 2.8-kb Pst I/Pst I DNA fragment revealed that umuD and umuC constitute an operon with the stop codon of umuD overlapping with the umuC initiation codon by one base (adenine). In prokaryotes, many if not all intercistronic regions exhibit a closejuxtaposition of the translational stop codon of one gene and the start signal of the next, and it has often been speculated that the proximity of the two signals plays an important regulatory role in operon expression (27) (28) (29) . However, such overlapping does not necessarily result in efficient translational coupling. Approximately 30 times more umuD protein than umuC protein is produced in maxicells (16, 17) . A similar case has been reported for the recF gene in which the initiation codon overlaps one base of the stop codon of the preceding gene, dnaN, but the amount of the recF gene product is far less than that ofthe dnaN gene (30) . The mechanism by which differential synthesis of the umuD and umuC gene products is regulated is not clear yet.
In vitro transcription of the umu operon was specifically inhibited by the LexA protein (Fig. 5) , and the LexA protein bound to a specific region of the operator of the umu operon, as demonstrated by DNase I protection by LexA protein (Fig. 6A) . The region protected from DNase I digestion by the LexA protein spans from positions -11 to + 12, including the putative Pribnow box and the initiation site of the transcription. The LexA protein binding site of the umu operon has an extensive homology with those found in other SOS genes so far sequenced (24, (31) (32) (33) (34) (35) (36) and has a near-perfect dyad symmetry.
The affinity of the LexA 
